Abstract
Introduction
Acute primary angle closure (APAC) is characterized by an acute, symptomatic intraocular pressure (IOP) increase followed by rapid recovery from the symptoms after applying timely treatment. Although APAC generally does not result in significant visual morbidity if it is treated promptly, delayed optic nerve damage still can occur even after the remission of acute episodes. [1] [2] [3] [4] [5] However, the mechanism underlying the development of permanent optic nerve damage even after the acute attack has resolved and the initiating or influencing factors are yet to be established. [2, 6, 7] Changes in the optic nerve head (ONH) in APAC have been described as an initial swelling and hyperemia that resolves after applying timely treatment, or is followed by pallor of the optic disc with diffuse thinning of the axons when the acute episode leads to permanent sequelae in the ONH. [8] [9] [10] However, changes in the deep ONH tissues (i.e., prelaminar tissue or the lamina cribrosa [LC]) or peripapillary tissues (i.e., peripapillary choroid) after APAC are not well described. The interplay between the deep ONH tissues and axons has been considered a key to understanding the mechanism of glaucomatous optic neuropathy, which has prompted explorations of the deep ONH tissues including the LC. [11, 12] Numerous experimental and clinical studies have suggested that structural changes in the LC and peripapillary tissues have significant implications for glaucoma pathogenesis. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] However, most of these studies have focused on open-angle glaucoma (OAG), with few investigating eyes with APAC [24] or suspected APAC diagnosed based on the darkroom-prone provocative test. [25] The aim of the study was to elucidate longitudinal changes in the deep ONH and peripapillary tissues after an APAC episode, and to correlate them with the development of RNFL loss after APAC remission.
Methods

Study Design
This investigation was based on the data of APAC patients obtained in an ongoing prospective study of patients with glaucoma and healthy subjects being conducted at the Seoul National University Bundang Hospital Glaucoma Clinic, Seoul, South Korea (the Angle Closure Glaucoma Prognosis Study). All of the participants provided written informed consent. This study was approved by the Seoul National University Bundang Hospital Institutional Review Board and followed the tenets of the Declaration of Helsinki.
Study Participants
To be included in this study, patients had to have been diagnosed with APAC and had been followed up for at least 12 months after the remission of the APAC episode. The APAC diagnosis was based on the following criteria: [2, 8] (1) presence of at least two of the following symptoms: ocular pain, headache, blurred vision, and nausea and/or vomiting; (2) presenting IOP of >21 mmHg (as measured by Goldmann applanation tonometry); and (3) Presence of at least three of the following signs: conjunctival injection, corneal epithelial edema, middilated unreactive pupil, and shallow anterior chamber. Participants received medical treatment followed by laser peripheral iridotomy (LI) within 12 hours of the documented APAC. If both eyes of a patient were eligible for inclusion, one of these eyes was randomly selected.
The following exclusion criteria were applied: (1) secondary angle closure, such as lensinduced glaucoma, neovascular glaucoma, or uveitic glaucoma; (2) pre-existing diagnosis of any forms of glaucoma, (3) presence of coexisting retinal or neurologic disease; (4) history of previous intraocular surgery, or intraocular surgery during the follow-up period; (5) poorquality spectral-domain optical coherence tomography (SD-OCT) scans of the optic disc (i.e., quality score <15) in more than 5 sections that did not allow precise measurement of the ONH parameters (when the quality score does not reach 15, the image acquisition process performed by the Spectralis OCT system automatically stops, and images of the respective sections are not obtained); and (6) best-corrected visual acuity of <20/50 after remission.
Forty-two APAC patients who met the eligibility criteria were initially recruited. Of these, 12 were excluded due to the poor scan quality preventing precise measurements of the ONH parameters (see Measurements of the ONH Parameters). 
History-Taking and Ocular Examinations
History-taking and ocular examinations were applied at the time of first presentation and/or 1 week after the remission of the APAC episode in cases where an ocular examination could not be performed due to the presence of corneal edema during the acute episode. The patient history included demographic characteristics, duration of symptoms (pain, headache, nausea/ vomiting, and blurred vision), administration of oral medications, and other systemic diseases. Ocular examinations included visual acuity assessment, Goldmann applanation tonometry, refraction tests, slit-lamp biomicroscopy, gonioscopy, and undilated stereoscopic examination of the optic disc. The patients also underwent color fundus photography (EOS D60 digital camera, Canon, Utsunomiyashi, Tochigiken, Japan), SD-OCT circumpapillary retinal nerve fiber layer (RNFL) scanning, SD-OCT optic disc scanning using the enhanced depth-imaging The participants were followed up at 1 week (FU1), 1~2 months (FU2), 2~3 months (FU3), 5~6 months (FU4), and 11~12 months (FU5) after the initial visit. At each follow-up the participants underwent visual acuity assessment, Goldmann applanation tonometry, slit-lamp biomicroscopy including evaluation of the peripheral anterior chamber depth using the van Herick technique, [26] undilated stereoscopic examination of the optic disc, and SD-OCT examination.
The IOP was recorded at the time of the APAC onset, within 30 minutes after LI, and then at every follow-up visit until FU5. The mean and standard deviation values of the follow-up IOP measurements were defined as the mean follow-up IOP and the IOP fluctuation, respectively. IOP re-elevation during the subsequent follow-up was defined when the IOP increased to >21mmHg.
SD-OCT Scanning of the Optic Disc and Circumpapillary RNFL Thickness Assessment
The ONH was imaged using the Spectralis SD-OCT system with the EDI technique. The details of the protocol for scanning of the optic nerve using EDI SD-OCT to evaluate the LC are described elsewhere. [27, 28] At the time of ONH scanning, the circumpapillary RNFL thickness was also measured using a circular scanning protocol, the details of which have been published elsewhere. [29, 30] The diameter of the scan circle spanned 12 degrees, with the diameter in millimeters depending on the axial length. The software provided with the Spectralis SD-OCT system provided a global average, and the mean thicknesses determined in each of six sectors obtained by dividing the scan circle into nasal-superior (90-135˚), nasal (135-225˚), nasal-inferior (225-270˚), temporal-inferior (270-315˚), temporal (315-45˚), and temporal-superior (45-90˚) sectors. The global and six sectoral RNFL thicknesses are presented using circular diagrams. In obtaining the circumpapillary RNFL scanning, repeat scan protocol was used, so that the scan circle can be centered on the same ONH location throughout the follow-up period. Progressive RNFL loss or conversion to an abnormal RNFL thickness was defined when any of the six sectors in the circular diagram showed conversion of the RNFL thickness from falling within normative database to beyond the lower 99% confidence limit (red color), and where the RNFL loss was evident in the corresponding area of the circumpapillary B-scan image. Images with failure in the RNFL segmentation were excluded from the analysis.
Measurements of the ONH Parameters
This study measured the prelaminar tissue thickness (PLT), the anterior LC surface depth relative to the Bruch's membrane (BM) opening (BMO) level (LCD), the juxtapapillary choroidal thickness (JCT), and the BMO diameter on the EDI SD-OCT scans that had been obtained at each visit. Measurements were also performed for contralateral eyes when SD-OCT results were available for both eyes.
The PLT, LCD, and JCT were measured in five horizontal B-scans (superior, superior midperiphery, center, inferior midperiphery, and inferior regions) that divided the optic disc into six equal parts vertically (Fig 1) .
The LCD was determined by measuring the distance from the BMO plane to the level of the anterior LC surface. [31] [32] [33] A reference line connecting the two termination points of BM was drawn on each B-scan image. The distance from the reference line to the level of the anterior border of the LC was measured at three points: the maximally depressed point and two points that were 100 and 200 μm from the maximally depressed point in a temporal direction. The LC was evident as a hyperreflective plate-like structure in the EDI SD-OCT images, and its anterior border was readily discernible. The PLT was measured at the same three points in the five horizontal B-scans as the LCD, [33] and was determined as the distance between the optic cup surface and the anterior LC border in the direction perpendicular to the optic cup surface. The measurements made at the three points were used to calculate the mean LCD and PLT of the B-scan, and those obtained from the five B-scan images were used to calculate the mean LCD and PLT of the eye.
Because the LCD measured from the BMO level is influenced by the JCT, [34, 35] we speculated that the size of the LCD change could also be biased by changes in the JCT during the study period. Hence, the JCT was also measured at each follow-up in the same five images that were used to measure the LCD. The JCT was measured on both the nasal and temporal sides at 250 μm from the nasal and temporal BM termination points, respectively, and defined as the perpendicular distance between the BM and the choroidoscleral interface (Fig 1) . The mean of the nasal and temporal JCTs was defined as the JCT of the B-scan, and the values obtained from the five B-scan images were used to calculate the mean JCT of the eye.
Measurements of the PLT, LCD, and JCT at each time point were performed using the manual caliper tool of the Spectralis viewer (Heidelberg Eye Explorer software v. 1.7.0.0, Heidelberg Engineering), in as close to the same plane as possible. The low reflective shadow within the LC as well as the choroidal shadow was examined to confirm the correspondence of the B-scan image series between images. [31, 33] The BMO diameter was defined as the mean of the longest and shortest BMO diameters. The longest and shortest BMO diameters were the longest and shortest distances between the two termination points of the BM, which were measured on the radial B-scan images constructed from the 3 dimensional data set of EDI SD-OCT scan. Measurements were made using the manual caliper tool of the Amira 5.2.2 software (Visage Imaging, Berlin, Germany).
All measurements were performed by two independent observers (E.J.L. and K.M.L.) who were blinded to the clinical information of the participants, including the IOP and the time point of scanning for the follow-up SD-OCT images. Measurements were repeated twice by the two observers, and the mean of the four values was used for the main analysis. Enhanced depth-imaging spectral-domain optical coherence tomography image obtained at the location indicated by the light-green line in (A). The anterior lamina cribrosa surface depth (LCD) was determined by measuring the distance from the Bruch's membrane (BM) opening reference plane (horizontal white line connecting the two BM termination points as indicated by red glyphs) to the level of the anterior lamina cribrosa (LC) surface at the three most depressed points (blue glyphs). The prelaminar tissue thickness was determined as the distance between the optic cup surface (orange glyphs) and the anterior LC border (blue glyphs), as measured at the three points that were used to measure the LCD. The juxtapapillary choroidal thickness was defined as the perpendicular distance between the BM and the choroidoscleral interface (lightgreen dashed lines), and measured at 250 μm both from the nasal and temporal BM termination points (red lines).
Data Analysis
The interobserver reproducibility for the measurements of ONH parameters and JCT was evaluated using the intraclass correlation coefficients.
Repeated-measures multivariable and univariable analysis of variance as well as paired samples t-tests were used to assess changes in ONH measurements during the follow-up. Repeatedmeasures p values were calculated using the Greenhouse-Geisser correction. Intereye comparisons were performed using paired-samples t-tests. A logistic regression analysis was performed to investigate the factors associated with the conversion to an abnormal OCT RNFL thickness.
Analyses were performed using the Statistical Package for the Social Sciences (version 20.0, SPSS, Chicago, IL, USA). Unless stated otherwise, the data are presented as mean±standard deviation values, and the cutoff for statistical significance was set at p<0.05.
Results
The duration of symptoms associated with the APAC episode recorded dependent on the patient history was 16.3±19.6 hours (range, 1 to 90 hours; median, 14 hours; Table 1 ). The IOP was significantly reduced from 48.1±10.5 mmHg (range, 29 to 70 mmHg) at the time of the APAC diagnosis, to 13.6±5.6 mmHg (range, 7 to 33 mmHg) at 30 minutes after LI treatment (P<0.001) ( Table 1) .
Six patients exhibited a re-elevation of IOP to >21mmHg during the follow-up period: this occurred at FU1 (i.e., 1 week) in three patients and at FU2 (i.e., 1~2 months) in the other three. However, IOP normalized in these patients after the cataract surgery. Twenty-five of the 30 eyes received cataract surgery during the follow-up period according to the patients' preference, once they had been informed about the effects of lens extraction on the anterior chamber angle anatomy and IOP control in eyes with primary angle closure. [36] [37] [38] None of the patients were required to be treated with IOP lowering medication.
EDI SD-OCT optic disc scanning could not be performed at the time of the APAC attack due to corneal edema in all except one eye, and the circumpapillary RNFL thickness could only be evaluated in six eyes. Thus, the SD-OCT measurements made 1 week after the APAC attack were considered as the baseline values for the longitudinal evaluation. The interobserver agreements for the PLT, LCD, JCT, and BMO diameter measurements were good, with intraclass correlation coefficients of 0.978, 0.991, 0.931, and 0.967, respectively. thickness gradually decreased from FU1 to FU5, with the thinning being more prominent during the early follow-ups (FU2 and FU3) (Fig 2A) . In the six patients where the circumpapillary RNFL scanning could be performed at the time of the APAC attack, the global RNFL thickness was significantly increased at FU1 relative to the initial visit (124.2±26.9 vs. 118.5±34.5 μm, p = 0.031; Wilcoxon signed-rank test). The PLT showed an initial decrease at FU2 and a further decrease at FU4, and then remained steady until FU5 (Fig 2B) . The LCD was significantly reduced at FU2 and FU3, and did not change thereafter (Fig 2C) . There was no change in the JCT or BMO diameter during the follow-up period (Fig 2E and 2F) . Both repeated-measures univariable and multivariable analyses of variance showed significant decreases in the global RNFL thickness, PLT, and LCD from FU1 to FU5 (all p<0.001), while neither JCT and nor the BMO diameter showed a significant change (p = 0.530 and 0.857, respectively).
Data for contralateral eyes obtained at FU1 and FU5 were used as controls to compare with those of the APAC eyes. In the contralateral eyes, none of the parameters-IOP (p = 0.195), global RNFL thickness (p = 0.717), PLT (p = 0.604), LCD (p = 0.581), JCT (p = 0.949), or BMO diameter (p = 0.514)-differed between FU1 and FU5. The intereye comparisons revealed that the global RNFL thickness was larger in the APAC eyes at FU1 (p<0.001) but gradually decreased during the follow-up and became significantly thinner at FU5 (p = 0.002, Fig 2B) . PLT was also larger in APAC eyes at FU1 (p<0.001), while the difference disappeared at FU5 (p = 0.144, Fig 2C) . LCD was larger in the APAC eyes than in the contralateral eyes at FU1 (p = 0.001), but it decreased during the follow-up and became comparable to the LCD of the contralateral eyes (p = 0.581, Fig 2D) . On the other hand, the IOP (Fig 2A) , JCT (Fig 2E) , and BMO diameter (Fig 2F) did not show significant intereye differences at FU1 and FU5. All of the data for the APAC and contralateral eyes are provided in the supporting information file (S1 Table) .
At FU5, the SD-OCT circumpapillary RNFL thickness measurements revealed a conversion to an abnormal OCT RNFL thickness in 13 out of 30 eyes (43.3%). Logistic regression analysis showed that the conversion to an abnormal OCT RNFL thickness was significantly associated with a longer duration from the symptom onset to receiving LI treatment [odds ratio (OR) = 1.155, p = 0.013], re-elevation of IOP after first LI (OR = 12.143, p = 0.035), and a larger LCD reduction between the initial visit and FU5 (OR = 1.169, p = 0.008) in the univariable analysis (Table 2 ). In the multivariable analysis, the duration of symptoms (OR = 1.140, p = 0.049) and the LCD reduction (OR = 1.164, p = 0.034) were significant factors. Fig 3 shows the representative case of APAC where the SD-OCT RNFL thickness progressively decreased during the follow-up. The reduction of LCD is notable at FU5 relative to FU1.
Discussion
The present study has revealed longitudinal changes in the deep ONH tissues and peripapillary RNFL that are present for 1 year after an APAC episode. A short-term reduction of the PLT and LCD during the early follow-up period, and a long-term sustained decrease in the RNFL thickness during the 1-year follow-up were noted after an APAC attack. Eyes with a longer duration from the symptom onset to receiving LI treatment, and a larger LCD reduction during the follow-up were more likely to show progressive RNFL loss. To the authors' knowledge, this is the first study to show longitudinal changes in the deep ONH tissues after APAC and their influence on the progressive RNFL loss.
The initial increase followed by a subsequent decrease in the peripapillary RNFL thickness after APAC has been well described. [8, [39] [40] [41] It has been suggested that these features respectively reflect ONH swelling and its resolution in the course of an APAC episode. An initial increase in the peripapillary RNFL was also observed in the present study, although the data 
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could not be obtained in all participants due to the presence of corneal edema at the time of the APAC attack. In the six eyes where the circumpapillary RNFL scan was obtainable at the time of attack, the global RNFL thickness increased significantly from 118.50±34.53 to 129.19 ±36.98 μm at FU1 (P = 0.028, Wilcoxon signed-rank test), and then exhibited a continuous decrease from FU1 to FU5, with 40% of the participants showing RNFL loss below the normal range. The PLT decreased notably during the earlier follow-ups, but did not change at later followups. Given that both the RNFL and prelaminar tissue consist mainly of retinal ganglion cell axons, thinning of the RNFL is thought to accompany a decrease in the PLT. However, this was not true in the later follow-up, when RNFL thinning was not associated with any significant PLT change. This finding is in accordance with a previous finding of the absence of optic disc cupping despite thinning of the RNFL after APAC resolution. [10] We attributed the discrepancy between the RNFL and PLT change in the later follow-up to the reactive gliosis accompanied by ischemia or inflammation of the ONH associated with acute IOP change. [42] [43] [44] It is relevant that the PLT decreases in the earlier follow-up with resolution of the ONH swelling. However, when the swelling is absorbed, the PLT does not necessarily decrease despite ongoing RNFL thinning, because of the reactive gliosis. This reactive gliosis may compensate for the loss of neural components in the prelaminar tissue that should have occurred along with the axonal degeneration.
In the present study, the LCD reduced significantly during the earlier follow-ups and then did not change during the later follow-ups. This is comparable to the pattern of longitudinal change in the LCD after trabeculectomy in OAG patients. [33] It is intriguing that the LCD reduction was associated with the progressive RNFL loss. We previously speculated that the reduction of the LCD after IOP-lowering treatment observed in OAG could reflect the reduced IOP-related stress on the LC. [31, 33] Indeed, we recently found that a long-term sustained reduction in the LCD is important to slowing the disease progression in OAG eyes. [22] However, this did not seem to be the case for the APAC patients in the present study. We speculate that the LCD reduction reflects significant displacement of the LC during the APAC episode. The displacement may have disrupted the structural and/or functional integrity between the laminar beams and axons. The RNFL loss after APAC remission despite the LCD reduction suggests that axonal damage occurs in a sustained fashion once the integrity is disrupted. In contrast, no (or less) LCD reduction after IOP lowering may be an indicator that the LC had not been (or was less) displaced during the APAC attack. The lack of RNFL damage in these cases supports this speculation.
It is noteworthy that the LCD reduction at final FU was smaller in APAC patients than in the OAG eyes included in our previous study (28.84 vs. 110 .68 μm), [33] despite the IOP reduction being larger in the present study (37.1 vs. 16.7 mmHg) . This may be attributable to the initial disc scan being performed 1 week after LI treatment, when some LCD reduction might have already occurred. The EDI SD-OCT images were not obtainable at the time of the APAC attack in most of the patients due to the presence of corneal edema, which is one of the main limitations of this study (see below). It is also possible that because the IOP elevation is highly symptomatic in APAC, and also decreases rapidly, the duration of IOP elevation is shorter in APAC than in chronic glaucoma, and such a short-term IOP elevation may not induce a large LC displacement as is observed in chronic glaucoma. Alternatively, acute IOP lowering may have induced shrinkage of the scleral canal, leading to the relief of the tensile force that had been stretching the LC within the scleral canal, which in turn moved the LC posteriorly and thus lessened the LCD reduction. [13, 45] Although the BMO diameter did not change during the follow-up in the present study, this could have been due to the lack of EDI SD-OCT images obtained at the time of the APAC attack. On the other hand, mechanical properties or geometry of eyeball might differ between APAC and OAG eyes, which might have resulted in differed response of the LC.
It has been suggested that the LCD measured from the BMO level is influenced by the JCT, [34, 35] such that eyes with a thick choroid would have a larger LCD than those with a thin choroid. Thus, LCD data should be interpreted cautiously when the JCT varies. In the present study, no significant change was found in the JCT among the follow-ups, suggesting that the JCT had a negligible influence on the estimation of the LCD change.
While the results have been equivocal and variable, a longer duration of symptoms, [4, 5, 9] greater IOP increase, [3] larger CD ratio at baseline, [5] and worse initial visual field [3] have been suggested as potential risk factors for glaucoma progression after APAC. Together with the LCD reduction, the present study found a significant influence of the duration from the symptom onset to receiving LI treatment. This finding emphasizes the importance of early presentation and rapid normalization of IOP to prevent the development of glaucoma. However, factors that were not evaluated in the study may also have contributed to glaucomatous damage. It has been suggested that abrupt IOP elevation may induce total blockade of the ONH blood flow and axonal transport, causing irreversible damage to the axons. [46] [47] [48] Together with the damage associated with the LC change, the direct effect of IOP elevation and secondary axonal degeneration may also play a role in glaucoma development in APAC patients. The development of glaucoma in APAC is likely to be influenced by a complex multiple factors. Further study using more advanced imaging tools may help to reveal these factors and how they are related to glaucoma in APAC.
In contrast to the findings of this study, Jiang et al. [25] did not find any significant changes in the LCD with IOP elevation in patients with suspected APAC. However, these two studies cannot be compared directly due to the inclusion of different participants and differences in the size and duration of the IOP changes. In addition, that previous study found ONH changes for short-term IOP elevation, while the present study observed long-term changes after IOP lowering.
This study was subject to several limitations. Firstly, the ideal study would perform imaging investigations at the time of the onset of APAC, but this was not possible due to the presence of corneal edema. If SD-OCT images were obtainable at the time of the APAC attack, the change in the ONH parameters might have been more distinct and the effect of the change in glaucoma development might have been clearer. Secondly, our sample may have been too small to detect factors that exerted small effects on glaucoma progression. Thirdly, the participants might have experienced episodes of intermittent angle closure or had a pre-existent chronic angle closure before the APAC episode. Thus, although eyes with pre-existing diagnosis of glaucoma were excluded, some individuals could have had ongoing RNFL damage before the acute attack. This may have influenced the interpretation of the results relating to RNFL changes after APAC. Since the RNFL thickness before APAC attack was not known, the progressive RNFL loss could not be determined based on the amount of RNFL loss relative to its baseline status (i.e., the rate of RNFL thinning), but was defined based on the SD-OCT findings at final examination. If the amount of RNFL loss during the follow-up had been considered for defining the progressive RNFL loss, it could not have been differentiated from the resolution of RNFL swelling after APAC attack. Fourthly, 25 of the 30 patients underwent cataract surgery during the follow-up period, which might have influenced the quality of SD-OCT images and caused measurement. However, most of the eyes had mild to moderate degree of cataract, and so any effects on the results might have been minimal. Fifthly, gonioscopy was not performed at all FU points in all patients, thus could not be considered in the analyses. Lastly, the information on the onset of symptom was obtained by self-reporting, which might not have been reliable.
In conclusion, early short-term reductions of the PLT and LCD and an overall long-term decrease in the peripapillary RNFL were observed during a 1-year follow-up after an APAC attack. A longer duration from the symptom onset to receiving LI treatment and a larger LCD reduction during the follow-up were associated with the conversion to an abnormal OCT RNFL thickness. The LCD reduction may indicate that a significant level of IOP-induced stress had been imposed on the ONH at the time of APAC episode. Glaucomatous progression should be suspected in eyes showing LCD reduction after the APAC remission. 
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